To investigate the contributions of humoral and hemodynamic factors to cardiac adaptations associated with chronic exercise, female Fischer 344 rats were subjected to chronic swimming, infrarenal cardiac transplantation, or both. Swimming resulted in hypertrophy (11-12%) of the in situ hearts in both the unoperated and operated animals compared with the matched sedentary controls. The cardiac isograft exhibited atrophy (32-35%), which was not attenuated by swimming. The cardiac isograft was also associated with a decrease in the percent of V1 myosin isoenzyme, which was attenuated by swimming (45±5% versus 66 6%). Swimming also increased the percent of this isomyosin in the in situ hearts of operated rats. These data suggest that hemodynamic load and/or neural innervation are necessary for hypertrophy associated with chronic conditioning by swimming, whereas myosin isoenzyme control is significantly mediated by humoral factors. (Circulation Research 1990;67:780-783) C hronic conditioning by swimming in the adult female rat results in increases in cardiac contractile performance, myosin ATPase activity, cardiac mass, and tissue norepinephrine concentration.1-3 However, the precise stimuli that trigger these adaptations are poorly understood. It is particularly difficult to separate the effects of the hemodynamic load of exercise on the myocardium from those which may be neurally or humorally mediated, because either might contribute to the alterations observed.
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The heterotopically transplanted rat heart provides a unique model for examination of the humoral effects of conditioning on the myocardium because the transplanted heart is exposed to the same hormonal milieu as the in situ heart, but it is denervated and perfused similarly to the Langendorff preparation. The in situ heart supports the hemodynamic load in the same animal and serves as the control.
The purpose of the present study was to elucidate the contributions of hemodynamic and humoral factors to the cardiac adaptations associated with chronic conditioning by swimming.
Materials and Methods
Inbred female Fischer 344 rats weighing 150-180 g were obtained at 6 weeks of age from Charles River Laboratories, Inc., Raleigh, N.C. Four groups of rats were studied: 1) sedentary unoperated animals that remained cage-confined for 8 weeks; 2) unoperated rats subjected to swimming 60 minutes twice per day, 5 days/week, for 8 weeks under conditions described previously4; 3) rats that were subjected to heterotopic heart transplantation and remained cageconfined; and 4) rats subjected to heart transplantation and chronic swimming.
Infrarenal cardiac transplantation was performed by a modified technique previously described by Ono and Lindsey.5 Animals were pretreated with butorphanol (0.2 mg/kg s.c.; Stadol, Bristol Laboratories, Syracuse, N.Y.) and anesthetized with 4% chloral hydrate (0.8 ml/100 g i.p.). The donor aorta was anastomosed end to side to the abdominal aorta of the recipient. The pulmonary artery of the donor heart was attached to the inferior vena cava of the recipient. The denervated transplant began beating within 1-2 minutes after reestablishing blood flow and maintained a spontaneous rhythm. Animals were allowed to recover for 5-7 days before swimming was initiated.
To determine the pressure generated in the cardiac isograft, hemodynamics were recorded in several recipient animals immediately after transplantation. Simultaneous pressures were recorded by an ultraminiature pressure transducer (SPR-249, Millar Instruments, Houston) in the right carotid artery and a 22-gauge needle passed through the apex into the left ventricle of the transplanted heart connected in series to a Statham P23Db pressure transducer (frequency response flat to 21 Hz; Gould, Oxnard, Calif.).
Seven weeks after the initiation of swimming or cage confinement, electrocardiograms of both the in situ and transplanted heart were recorded in all animals anesthetized with 4% chloral hydrate. Heart rates were calculated from a 10-second recording of the electrocardiogram.
At the end of the 8-week period, the animals were anesthetized with methoxyflurane (Metofane, Pitman-Moore, Mundelein, Ill.), and the in situ and transplanted hearts were excised. The atria and great vessels were dissected free. The hearts were weighed, and a portion was preserved in 3.7% buffered formaldehyde for histological analysis. Tissue specimens were embedded in paraffin, and slices were stained with hematoxylin and eosin. The remaining myocardium was placed in a 50% buffered glycerol solution and frozen at -70°C for biochemical analysis.
Sections from transmural segments of the left ventricular wall were analyzed from four animals in each group. Each section was stained with hematoxylin and eosin, and Masson's trichrome and evaluated by one investigator (S.M.F.) at low (x4 and x 10) and high (x40) magnifications. The evaluator knew which hearts were transplanted because of the pericarditis induced by surgical manipulation, but he was blinded to whether the hearts were from swimming or sedentary animals. Parameters evaluated included the presence and location of interstitial fibrosis, and the number of foci of replacement fibrosis, inflammation, and necrosis. Other features, including vascular sclerosis and pericardial fibrosis, were noted when present.
Myosin was extracted, its isoenzymes were analyzed by electrophoresis on polyacrylamide gels with nondissociating conditions, and densitometric scans were analyzed as described previously. 6 Triiodothyronine and thyroxine determinations were done for plasma obtained from animals at the time of the kill with commercially available radioimmunoassay kits (Pantex Corp., Santa Monica, Calif.).
The effects of chronic swimming on heart weight, heart rate, and myosin isoenzymes in the in situ and transplanted hearts were analyzed with a one-way analysis of variance. A two-way analysis of variance was performed to examine the main effects of transplant surgery and swimming on the in situ hearts. Multiple comparisons between groups were performed with the Newman-Keuls test.7 Differences were considered statistically significant at an a level ofpc0.05. All data were expressed as mean±SEM.
Results
Heart rates obtained at 7 weeks for animals in the cage-confined group (group 1) were not significantly different from those in the swimming group (group 2) (372± 13 versus 391± 13 beats/min,p.0.05). This was also observed for the in situ hearts in the transplant groups (groups 3 and 4) (387+20 versus 424+±24 beats/min, sedentary versus swimming). However, transplanted hearts exhibited significantly lower heart rates compared with the in situ hearts within the same animals (249±+23 and 313+±26 beats/min, sedentary and swimming, pc0.05). Because marked slowing or cessation of the heart beat in the transplant is indicative of graft rejection,8 these data support the viability of the graft. Acute hemodynamic measurements performed in the rat with a transplanted heart are shown in Figure 1 . Peak pressure in the left ventricle of the transplanted heart approximated the diastolic pressure in the carotid artery of the recipient animal. Similar relations have been recorded in the transplanted heart 4 weeks after surgery (D. Geenen, unpublished observation, 1989) . Figure 2 illustrates the histology of the in situ and the transplanted hearts taken from a sedentary animal. Both swimming and sedentary groups had evidence of focal interstitial fibrosis and scattered foci of replacement fibrosis. Transplanted hearts of both groups had more severe interstitial fibrosis than in situ hearts, as well as foci of subendocardial and subepicardial replacement scarring. All transplanted hearts had epicardial fibrosis, probably secondary to surgical manipulation. There were no signs of rejection. Table 1 shows the body weight, heart weight, and myosin isoenzyme data. There were significant main effects of swimming on heart weight and myosin isoenzymes. Swimming was associated with a modest but statistically significant increase in the in situ heart weight in both the unoperated and operated groups (approximately 11-12%). The heterotopically transplanted heart decreased in weight by 32-35% in both the sedentary and conditioned groups. Swimming did not attenuate the atrophy in the transplanted heart. Percent V, myosin isoenzyme was not different between the unoperated sedentary animals and those conditioned by swimming. Although there was no significant effect of transplant surgery on total heart weight in situ, a small, but significant, decrease was noted in the percent V1 myosin isoenzyme in the in situ heart of the sedentary rat subjected to heart transplantation, which was restored in the swimming rat subjected to heart transplantation. A marked decrease was noted in the percent V1 myosin isoform in the transplanted heart with a shift to increased V3 cardiac isoform. Swimming partially restored the myosin isoenzyme redistribution toward the predominant V1 isoform in the transplanted heart. There were no significant differences observed for serum triiodothyronine (59+6, 65+8, 72+6, and 
Discussion
Chronic conditioning by swimming in female rats generally results in mild cardiac hypertrophy and shifts in myosin heavy chain isoenzymes.12 These might be caused either by direct neural/humoral effects or through changes in cardiac hemodynamic load. The heterotopic heart transplant model is conducive to separating these effects because the transplanted heart is exposed to the same blood as the in situ heart but is denervated and not exposed to the same hemodynamic load. Thus, if changes were due to mechanical factors or direct neural innervation, they should occur in the in situ heart but not in the transplanted heart.
The major finding in this study is that the changes in myosin isoenzymes found in the myocardium of animals conditioned by swimming occur in transplanted hearts as well. This result implicates humoral rather than hemodynamic factors. This is consistent with our previous observation that swimming causes only a modest rise in the pressure-time index but causes a substantial increase in cardiac norepinephrine concentration. 3, 4 We suggested that the isoenzyme alterations might be related to the increased serum or myocardial catecholamine stores found with swimming. In the present study, it is likely that the intermittent rise in serum catecholamines that accompanies swimming was the stimulus to increased a-myosin in the transplanted heart. This is similar to the effect of repeated infusions of exogenous dobutamine.9 This action might be enhanced by the suggested upregulation of /3adrenergic receptors and increased coupling to adenylate cyclase in the transplanted hearts,10 11 which accompany norepinephrine depletion in deneirvated hearts.'2 Increased catecholamine sensitivity may also be enhanced as evidenced by the higher heart rates in transplanted hearts of swimmers. In this study, the failure of swimming to induce an increase in percent V, in the hearts of unoperated animals probably reflects the very high levels of percent V1 already found in the hearts of those sedentary females.
The humoral hypothesis is consistent with the findings of other investigators.13"14 These authors have shown that thyroid hormone fails to prevent atrophy or loss of myosin content in transplanted hearts but continues to promote a shift to a predominant a-myosin pattern. However, a thyroid hormone mechanism is unlikely in the present study because there were no alterations in the serum triiodothyronine and thyroxine levels.
In this study, it is unclear whether swimming partially prevented the shift in myosin isoenzymes from V, to V3 in the transplanted heart or if the shift occurred before the onset of swimming, which then resulted in a restoration of the V, isoform. Klein and Hong13 found the shift from V, to V3 at 2 weeks posttransplantation but did not measure an earlier time point. Because our animals were allowed to recover for 5-7 days after surgery before swimming intervention, it is most likely that some shift to the V3 isoform did occur during this time. However, the main effect was probably increased synthesis of V, during the 8 weeks of swimming.
The effects of swimming on heart weight are less certain than those on myosin isoenzymes. Generally, a swimming program of this nature causes a 10-20% increase in cardiac mass in female rats. 15 In the present study, in both the in situ hearts of unoperated and operated animals, swimming was associated with increases in heart weight of 11-12%. This relatively modest change makes it difficult to draw conclusions about the apparent failure of swimming to attenuate the atrophy in the transplanted hearts.
Histological examination was used mainly to exclude rejection of the transplanted hearts. As seen in the current study, interstitial fibrosis has been observed previously in a chronic rabbit isograft model. 10 The mononuclear cellular infiltration, fiber disorganization, and cellular necrosis observed with rejection were absent in the present study. 8"16 In conclusion, our results suggest that hemodynamic load and/or neural innervation are necessary for hypertrophy associated with chronic swimming. However, myosin isoenzyme control is significantly mediated by humoral factors.
